To identify the cis -acting regulatory element(s) which control the induction of the atrial natriuretic factor (ANF) gene in acute pressure overload, DNA constructs consisting of promoter elements linked to a reporter gene were injected into the myocardium of dogs, which underwent aortic banding or were sham-operated. Expression of a reporter gene construct harboring the ANF promoter ( Ϫ 3400ANF) was 
Introduction
Cardiac hypertrophy is the primary chronic compensatory mechanism to increased hemodynamic load, yet the underlying mechanisms leading to its development are poorly understood. It is likely that a better understanding will be derived from studies aimed at delineating molecular mechanisms involved in the initial responses to the inciting pressure or volume overload. The gene for atrial natriuretic factor (ANF) 1 has been studied extensively and is known to be induced in developing hypertrophy. During embryonic development, the ANF gene is expressed in both the atrium and the ventricle (1) . Shortly after birth, the expression of ANF is downregulated in the ventricle, and the atrium is the primary site of ANF synthesis within the mature myocardium (2) . Induction of ventricular hypertrophy is characterized by a reexpression of ANF in ventricular cells that represents the activation of an embryonic gene expression program in hypertrophied ventricular myocytes (3) (4) (5) (6) . The induction of ANF gene expression is a highly conserved feature of ventricular hypertrophy, and is found in a wide variety of species including mouse, rat, hamster, dog, and humans (5) (6) (7) (8) (9) (10) . It also occurs in response to various stimuli, including hormones, genetic propensity, hypertension, and pressure and volume overload (3) (4) (5) (6) 10) .
Attempts have been made to identify the cis -acting regulatory elements responsible for the hypertrophy-induced activation of immediate early and embryonic gene expression, including the ANF gene. Many studies aimed at dissecting the responses to hypertrophic stimuli have been restricted to transient transfection assays of cardiac cell cultures (11) (12) (13) (14) (15) (16) (17) (18) (19) . It has been speculated that the transient activation of several protooncogenes that occurs in response to a hypertrophic stimulus may be involved in the activation of genes such as ANF (8, 20) . Molkentin and Markham, using an A-rich probe, demonstrated the upregulation of a transcription factor in ventricular extracts from rat hearts subjected to pressure overload for 11 d (21) . Aoyagi and Izumo (22) demonstrated that stretch responsiveness of the c-fos gene was mediated by a serum re-sponse element (SRE). This activation occurred via a protein kinase C (PKC)-dependent pathway, which is in agreement with previous studies elucidating the role of PKC in stretchinduced cardiac ANF release (11) (12) (13) . Neither primary cardiomyocytes nor the isolated working heart preparation is suitable for examining the changes associated with continued increased hemodynamic overload. The consistent finding of pressure overload induction of ANF mRNA from undetectable levels in the ventricle suggests that transcriptional mechanisms may be of primary importance.
We have used the approach of DNA injection into the myocardium to identify a cis element within the ANF gene which responds to a pressure overload stimulus. A unique feature of this investigation is the use of a large mammal model of pressure overload. This is particularly important in light of the different biochemical and hemodynamic properties of the myocardium in large and small mammals. By injecting plasmid DNA directly into the myocardium (23) (24) (25) (26) (27) and initiating pressure overload by aortic banding, we addressed the following questions: ( a ) Is ANF expression increased by pressure overload? ( b ) What is the cis -acting regulatory element conferring induction of the ANF gene in acute pressure overload? and ( c ) Is this putative cis -acting element able to confer inducibility on a heterologous promoter?
Methods
Materials. Restriction enzymes, T4 DNA ligase, and Vent DNA polymerase were obtained from New England Biolabs, Inc. (Beverly, MA). Calf intestinal alkaline phosphatase was obtained from Boehringer Mannheim (Mannheim, Germany). 14 C-chloramphenicol was obtained from New England Nuclear (Boston, MA). All other chemicals were purchased from Sigma Chemical Co. (St. Louis, MO).
Plasmids. MSV-CAT was created by fusing the coding sequence of the chloramphenicol acetyltransferase (CAT) gene (28) onto the long terminal repeat of the mouse sarcoma virus (MSV). Rous sarcoma virus (RSV)-luciferase was described previously (29) . Ϫ 256ApoAI-CAT was constructed by fusing the nucleotide sequence Ϫ 256 to ϩ 500 of the 5 Ј flanking sequence of the rat apolipoprotein A-I (ApoAI) to the CAT gene (30) . Ϫ 667-␤ MHC-CAT contains the nucleotide sequence Ϫ 667 to ϩ 34 of the rat ␤ -myosin heavy chain (MHC) gene promoter fused to the CAT gene and inserted at the BamHI site of the polylinker of the pUC 18 plasmid. All other constructs used in this study are depicted in Fig. 1 . Ϫ 3400-ANF-CAT was a gift from Dr. Christine Seidman (Department of Human Genetics, Harvard Medical School, Boston, MA). It contains the 5 Ј flanking sequence of the rat ANF gene ranging from nucleotide sequence Ϫ 3400 to ϩ 61 inserted in the BamHI site of pO-CAT (31). Hind-ANF-CAT was constructed by deletion of a 556-bp HindIII fragment (nucleotide sequence Ϫ 693 to Ϫ 137) of the Ϫ 3400-ANF-CAT plasmid. ⌬ AP1-ANF-CAT contains a sequence of the activator protein-1 (AP1)-like site of the ANF promoter (position Ϫ 496 to Ϫ 489), which was mutated from 5 Ј -ATGAATCA-3 Ј to 5 Ј -AGGTACCT-3 Ј (sequence of the sense strand), thus introducing a unique KpnI site. ⌬ CRE-ANF-CAT was created by mutation of the cAMP regulatory element (CRE) of the ANF promoter (position Ϫ 602 to Ϫ 596) from 5 Ј -TGACTTCA-3 Ј to 5 Ј -TGGTACCG-3 Ј (sequence of the sense strand), also introducing a KpnI site.
The heterologous promoter constructs were created by insertion of double-stranded synthetic oligonucleotides (Applied Biosystems, Inc., Foster City, CA) harboring the regulatory elements in tandem Figure 1 . (A) Schematic diagram of the wild-type (Ϫ3400-ANF-CAT), deleted (⌬Hind-ANF-CAT) and mutated (⌬AP1-ANF-CAT and ⌬CRE-ANF-CAT) ANF reporter gene constructs and the heterologous promoter constructs used for in vivo injection. H, HindIIIrestriction site. Hatched bars, deleted and mutated sequences. Black bars, ␤MHC promoter sequences. The numbers indicated refer to the nucleotide position relative to the transcription start site. (B) Actual sequences of the wild-type and mutated ANF promoter constructs (sense strand) at the indicated site of the ANF promoter introducing a unique KpnI site at the mutated regulatory element, and sequence of the heterologous promoter constructs (sense strand). n ϭ 15, a random sequence of 15 nucleotides (5Ј-TTAAATTTGAGAAAG-3Ј) which separates the two regulatory elements.
into a polylinker region upstream of the ␤ MHC fragment of the Ϫ 147-␤ MHC-CAT plasmid, which has the basal promoter of the rat ␤ MHC (sequence Ϫ 147 to ϩ 34) fused to the CAT gene of the pO-CAT plasmid. AP1-147-␤ MHC-CAT contains the AP1-like sequence of the rat ANF promoter 5 Ј -ATGAATCA-3 Ј in tandem separated by 15 random nucleotides (the same random sequence 5 Ј -TTAAAT-TTGAGAAAG-3 Ј was used in all heterologous promoter constructs), cloned into the SphI site of the polylinker upstream of the Ϫ 147-␤ MHC-CAT construct. CRE-147-␤ MHC-CAT contains the CRE sequence of the rat ANF promoter 5 Ј -TGACTTCA-3 Ј in tandem separated by 15 random nucleotides, cloned into the same site as the Ϫ 147-␤ MHC-CAT construct. SRE-147-␤ MHC-CAT contains the SRE sequence from the mouse c-fos promoter 5 Ј -CCATATTAGG-3 Ј (32) in tandem separated by 15 random nucleotides, cloned into the SphI site of the Ϫ 147-␤ MHC-CAT construct. x/h-147-␤ MHC-CAT contains an XhoI and a HincII restriction site separated by 15 random nucleotides, inserted into the SphI site of the Ϫ 147-␤ MHC-CAT construct.
Site-directed mutagenesis using PCR. Mutations of the relevant regulatory elements of the ANF promoter (AP1-like and CRE site, respectively) were created using PCR. The reaction template was the excised 556-bp HindIII fragment of the rat ANF promoter harboring both the AP1 and the CRE site. PCR was performed in a PerkinElmer Corp. GeneAmp 9600 apparatus (Norwalk, CT) for 25 cycles with the reaction conditions 94 Њ C for 1 min, 55 Њ C for 1 min, and 65 Њ C for 30 s. The construction was performed in two PCR steps. First, the 5 Ј flanking sequence adjacent to the AP1-like or CRE regulatory element was amplified using a forward primer with a flanking HindIII restriction sequence and a reverse primer with a flanking sequence of a KpnI restriction site. Second, the 3 Ј flanking sequence adjacent to the according regulatory element was amplified using a forward primer with a flanking KpnI restriction site and a reverse primer with a HindIII restriction site. After digestion of the PCR products with KpnI, both products were ligated together to form a 556-bp fragment homologous to the excised 556-bp HindIII fragment, with the exception of a unique KpnI site at the according regulatory element. The ligation product was digested with HindIII and ligated back into the HindIII site of the ANF promoter. The correctness of the mutated sequence was verified by DNA sequencing.
Animal preparation, induction of pressure overload, and injection of plasmid DNA. In brief, dogs were premedicated with xylazine (10 mg/kg intramuscularly), and general anesthesia was induced with thiamylal (10-20 mg/kg intravenously) and maintained with halothane [0.5-1.5% (vol)]. Sterile technique was used, and the pericardium was exposed through a left thoracotomy at the fifth costal interspace. The pericardium was opened, and the heart was anchored with a suture through the apex. Up to 30 4-mm 2 patches of Dacron were sewn to the epicardium to mark injection sites. After placement of the patches, circular plasmid DNA resuspended in 1 ϫ PBS was injected through a 30-gauge needle inserted perpendicular to the epicardium (Fig. 2) . The injection volume was 200 l each, and the concentration of DNA was 0.3 g/ l for the CAT-reporter gene and 0.075 g/l for the luciferase-reporter gene. Constructs were injected at random labeled sites in order not to bias the potential for positional effects. Reporter gene constructs were always coinjected with a control construct (RSV-luciferase) to account for injection efficiency. After the injections, the incision was closed in layers, and the chest was evacuated (hereafter referred to as sham-operated group). In the pressure overload group, immediately after the gene injections, an aortic gradient was induced by placing a Teflon band around the ascending aorta which was gently tightened while the proximal and distal blood pressures were monitored via catheters connected to transducers (Statham Instruments, Hato Rey, PR). The left ventricular/aortic gradient in these dogs averaged 59Ϯ5.8 mmHg at operation. All animals were observed during the recovery until fully conscious. The animals tolerated the surgical procedure well, and blood pressure, aortic gradient, and heart rate were determined daily. Animals used in this study were maintained in accordance with the guidelines of the Committee on Animals of the Harvard Medical School and the "Guide for the Care and Use of Laboratory Animals" (Department of Health and Human Services, National Institutes of Health publication 86-23).
Tissue preparation. After 7 d the animals were killed with an overdose of pentobarbital (50 mg/kg intravenously), and the heart was rapidly excised and placed in ice-cold saline. The labeled injection sites were excised as transmural blocks of myocardium and immediately placed in liquid nitrogen. Tissue was stored at Ϫ80ЊC until further processing. Immediately before the CAT assay, tissue was homogenized in 1 ml homogenization buffer containing (mM) glycylglycine 25 (pH 7.8), MgSO 4 15, EGTA 4 (pH 8.0), and dithiothreitol 1, as described previously (27) . The suspension was centrifuged at 6,000 g for 15 min at 4ЊC, and the supernatant was used for further analysis. The supernatant was normalized for protein content as determined by the Bradford assay (Bio-Rad Laboratories, Richmond, CA) by the appropriate dilution with homogenization buffer.
CAT assay. CAT assays were performed as described previously (33). Briefly, 10% of the supernatant, 1 l 14 C-labeled chloramphenicol (0.25 Ci), and 5 l n-butyryl coenzyme A (5 mg/ml) were mixed and filled to a total volume of 125 l with 250 mM Tris-HCl, pH 8.0. The reaction mixture was incubated at 37ЊC for 2 h, which was within the linear range of the reaction. The acetylated chloramphenicol fraction of the suspension was extracted by adding 300 l xylene. Suspensions were back-extracted twice with 250 mM Tris-HCl, pH 8.0. Aliquots of 200 l were counted in scintillation fluid in a beta counter (model LS 6000IC; Beckman Instruments, Inc., Fullerton, CA). To account for variation within the assay, background activity was assessed by running a reaction without addition of supernatant. Background activity was consistent throughout the study at 50-100 cpm.
Luciferase assay. Luciferase assays were performed as described elsewhere (27) . In summary, 10% of the supernatant normalized for protein content was brought to a volume of 100 l with homogenization buffer (see Tissue preparation) and mixed with 360 l reaction buffer containing (mM) glycyl-glycine 25 (pH 7.8), MgSO 4 15, EGTA 4 (pH 8.0), dithiothreitol 1, KPO 4 15 (pH 7.8), and ATP 2, along with 0.3% Triton X-100. Light emission was measured in a Monolight luminometer (LB 9501; EG&G Berthold Inc., Wildbad, Germany) immediately after the addition of 0.2 mM d-luciferin to the reaction mixture. Light units are expressed as the integral of activity measured over 20 s. Only values within the linear range of the semilogarithmic dose response curve between the amount of luciferase and the emission of light were included for analysis.
Preparation of nuclear extracts. Eight dogs (four sham, four 7-d overload) were surgically prepared as described above. Nuclear extracts were prepared using a procedure modified from that described by Deryckere and Gannon (34) . In brief, hearts were broken under liquid N 2 or minced with fine scissors on ice in a low salt buffer (150 mM NaCl, 10 mM Hepes, pH 7.9, 1.0 mM EDTA, 0.5 mM PMSF, 0.6% NP-40), dounced six strokes using a B pestle, and then centrifuged (500 g, 30 s, 4ЊC) to remove debris. After this, nuclei were permitted to swell in solution on ice for 5 min. The nuclei were then pelleted by centrifugation (3,500 g, 5 min, 4ЊC) and lysed on ice for 20 min in a high salt solution (420 mM NaCl, 20 mM Hepes, pH 7.9, 1.2 mM MgCl 2 , 0.2 mM EDTA, 25% glycerol, 5 mM dithiothreitol, 0.5 mM PMSF, 2 mM benzamidine, 0.5 g/ml of pepstatin, leupeptin, and aprotinin). Insoluble debris was removed by a 15-s spin in a microcentrifuge (14,000 g). Protein concentrations were determined using the Bio-Rad Laboratories Protein Assay, and aliquots were frozen at Ϫ80ЊC until use.
Probes. The probes used for gel shift analysis were derived from the rat ANF 5Ј flanking region (Ϫ506/Ϫ483) (EMBL/GenBank/ DDBJ accession no. J03267), which included all of the DNase footprinted region reported using cardiac nuclear extracts (35) . The probes used were made from single-stranded oligonucleotides and were made double-stranded by annealing and their ends filled in using the Klenow fragment before the double-stranded product was isolated from a 2% low melt agarose gel. Double-strand probes were end-labeled using T 4 polynucleotide kinase. Wild-type ANF sequence is shown as uppercase letters below. The bold characters denote nucleotide changes within the Mut and AP1 conversion probes. The AP1 consensus probe was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The consensus strands were as follows: ANF probe: 5Ј-gatctACGAGGCCAATGAATCAGGTGTGActaga-3Ј; Mut probe: 5Ј-gatctACGAGGCCAAgGtAcCaGGTGTGActaga-3Ј; AP1 conversion probe: 5Ј-gatctACGAGGCCAATGAcTCAGGTGTGActaga-3Ј; and AP1 consensus: 5Ј-cgctggATGACTCAgccgaa-3Ј.
Gel mobility shift assay (GMSA). Extracts were thawed on ice before use. Assay conditions were adjusted to optimize binding for both the ANF probe and the AP1 consensus probe, and were based on the investigations of several reports focusing on AP1 binding (20, (35) (36) (37) (38) (39) . The binding buffer used was 50 mM Tris-HCl, pH 7.9, 2 mM MgCl 2 , 50 mM KCl, 5 mM DTT, 0.5 mM EDTA, and 5% glycerol. The extracts were mixed with the binding buffer and 200 ng of poly dIdC (Pharmacia Biotech, Piscataway, NJ) in a total volume of 20 l and incubated at room temperature for 10 min. The radiolabeled probe was added, and the mixture incubated for 10 min at room temperature. 15 l of the mixture was then loaded on a 4% polyacrylamide 0.5ϫ TBE gel. Gels were dried under vacuum and exposed to BioMax film (Eastman Kodak Inc., Rochester, NY). For the competition experiments, competitors were added just before the addition of labeled probe. For the supershift experiments, antibodies with epitopes specific to conserved regions of the jun (SC-44X; Santa Cruz Biotechnology) or fos (SC-47X; Santa Cruz Biotechnology) families were used. After the 10-min incubation with the labeled probe, 4 g antibody (or preimmune serum) was added to the appropriate tubes, and the mixture was incubated at 4ЊC for 4 h before being loaded onto the gel. Experiments in which the antibody had been peptideneutralized were performed by combining the c-jun antibody with the control peptide (SC-44P; Santa Cruz Biotechnology) overnight at 4ЊC. This mixture was then used in the supershift assay.
Experimental design and data analysis. 10 adult mongrel dogs weighing 22-26 kg were used for the injection experiments. They were assigned to two groups with 5 dogs each, one group with aortic banding, one group as sham-operated animals. The injections were always done with a pair of dogs (banded/sham) and compared with one another. Each experiment included the injection of the full promoter ANF construct as a positive control. An n refers to the number of injections per construct per dog. (All data are reported as meanϮSEM.) Data are expressed as a CAT/luciferase (Luc) ratio to account for differences in injection efficiency. The variability between animals was 15% in both pressure overload-treated and sham animals based on the data from the longest ANF construct. If we assume that the other products would have similar variability between animals, then a twofold difference in the mean CAT/Luc ratio would be highly significant. Given that we must make this assumption, we considered more than a threefold difference significant. For the preparation of nuclear extracts, eight dogs were used (four sham, four 7-d overload). The hemodynamic data were derived from the banded dogs, and the two sham dogs were used for the nuclear extracts.
Results
Characterization of the pressure overload model. Dog hearts were injected with plasmid DNA, and the experimental group immediately subjected to an aortic gradient. Each dog received 20-28 separate injections into the left ventricle. 7 d after banding, the animals were killed, and each injection site was analyzed for expression of the injected gene. Serial hemodynamic monitoring confirmed the maintenance of the left ventricular/aortic gradient, which was 98Ϯ5.2 mmHg after 1 wk (Table I ). An example of the left ventricular/aortic gradient is shown in Fig. 2 . Consistent with this model, despite the maintenance of a significant left ventricular/aortic gradient for 1 wk, there was no evidence of gross left ventricle hypertrophy or increase in the left ventricular/body weight (LV/BW) ratio. This is consistent with the investigation of a regulatory process which would induce cardiac hypertrophy rather than being the consequence of it. Constitutive viral promoters derived from MSV or RSV linked to reporter genes (MSV-CAT, RSV-LUC) were expressed at high levels in both normal and banded myocardium (Table II) . Their expression level (CAT/Luc ratio) was unchanged by pressure overload. RSV-LUC was coinjected with all mammalian promoter CAT constructs as an internal control. Used as a negative control, the Ϫ256ApoAI-CAT construct contains the promoter of the hepatocyte-specific ApoAI gene and was expressed at levels close to background activity, reflecting the cell specificity of expression. The Ϫ667-␤MHC-CAT construct was expressed at high levels in both the sham-operated and banded groups. The ANF promoter construct (Ϫ3400-ANF-CAT) was expressed at very low levels in the normal cardiac ventricle. However, in the group subjected to aortic banding, there was a sixfold increase in expression of the injected ANF construct (Fig. 3 A) .
Induction of the ANF gene is conferred by a regulatory element located within a 556-bp region of the ANF promoter. In transient transfection assays of cultured neonatal rat cardiac cells, a 556-bp fragment of the rat ANF gene promoter was shown to be necessary for basal ANF expression (20) . This fragment was also shown to be necessary for inducible expression in pressure overload, since a construct harboring a deletion of the same 556 bp of the 5Ј flanking region of the ANF gene (⌬Hind-ANF) did not increase reporter expression in response to banding (Fig. 3 A) . As in cell culture studies, there was also a 40% reduction in basal activity of this construct in the sham-operated animal. Because removal of this region abrogated pressure overload responsiveness, we did not perform an extended deletion analysis of the ANF 5Ј regulatory region. This finding may indicate the presence of an unidentified element(s) within this region involved in both basal and inducible transcription of the ANF gene.
The ANF AP1-like site is essential for pressure overload induction of the ANF gene. The 556-bp fragment implicated in pressure overload responsiveness contains two DNA sequences which are candidate elements for conferring indelibility of the ANF gene. There is an AP1-like site (ATGAATCA: Ϫ496 to Ϫ489) and a CRE (TGACTTCA: Ϫ602 to Ϫ596). We defined this sequence as AP1-like because it differs by a single basepair change from the AP1 consensus sequence of 5Ј-ATG-ACTCA-3Ј. We modified each of these sites within the ANF promoter by site-directed mutagenesis. As depicted in Fig. 3 B, neither mutation alone had a significant effect on the basal expression of the ANF reporter gene construct. However, after 7 d of banding, while the CRE-mutated construct was induced 11-fold, the construct mutated in the AP1-like site was not induced. The mutation in the AP1-like site within the context of the Ϫ3400ANF construct completely prevented the inducibility of the ANF gene in response to 7 d of pressure overload. These results indicate that the ANF AP1-like site is necessary to confer pressure overload responsiveness on the ANF reporter.
To test the hypothesis that the AP1-like site is sufficient for inducibility of the ANF gene in cardiac hypertrophy, we constructed heterologous promoter constructs using a basal promoter fragment of the ␤MHC gene, which was long enough to confer cardiocyte-specific expression but was not induced by pressure overload (147-␤MHC-CAT). As depicted in Fig. 4 A, hypertrophic induction can be conferred on the ␤MHC gene basal promoter by the AP1-like site (compared to Ϫ147-␤MHC-CAT) but not by the CRE site. Since the AP1-like sequence is palindromic, we did not account for orientationdependent expression of the AP1-like site. It is noteworthy that the AP1-147-␤MHC-CAT construct was also induced sig- nificantly in the sham-operated dog, indicating an activation through the AP1-like site independent of the pressure overload stimulus. This may reflect some interaction between the AP1-like site and ␤MHC sequence, facilitating basal transcription. However, pressure overload significantly increased the expression of this construct.
To exclude any nonspecific activation of heterologous promoter constructs, we also injected a construct with a random oligonucleotide sequence cloned 5Ј to the ␤MHC basal promoter (x/h-147-␤MHC-CAT). Neither this construct nor the 147-␤MHC-CAT was expressed at high levels in either animal (Fig. 4 B) .
The ANF promoter sequence of the rat also contains a serum response element (SRE or CArG-box) within the deleted 556-bp sequence (Ϫ423 to Ϫ399). As depicted in Fig. 4 B, the heterologous ␤MHC promoter construct harboring an SRE was expressed at high levels in the sham-operated dog and was not induced by pressure overload, suggesting that the SRE may be important for basal but not inducible transcription of the ANF gene.
The ANF AP1 site is recognized by DNA-binding proteins. Given the apparent role of an AP1-like site in pressure overload responsiveness, it was important to determine whether the well-characterized AP1 activity was mediating this response. Experiments were performed to optimize DNA-protein interactions for both the rat ANF AP1-like and the AP1 consensus elements (20, (35) (36) (37) (38) (39) (40) . Nuclear extracts from the hearts of control or overload dog ventricles were incubated with the ANF AP1-like sequence, and a single major complex resulted (Fig. 5) . Laser densitometric scan indicated that binding was not altered significantly between control and banded animals. Therefore, 7 d of pressure overload did not produce an apparent qualitative or quantitative shift in the trans-acting factors that bound to the ANF AP1-like site. To determine specificity of binding activity of the ANF cis element, a GMSA competition analysis was performed. A labeled ANF AP1-like double-strand probe was incubated with (a) unlabeled ANF AP1-like double-strand DNA (self) (Fig. 6, lanes 2-4) , (b) unlabeled ANF/MUT double-strand DNA (Fig. 6, lanes 5-7) , (c) unlabeled ANF to AP1 conversion double-strand DNA (Fig.  6, lanes 8-10) . The molar range of unlabeled competitors used was from 10-to 100-fold, comparable to other studies that examined AP1 binding (14, 20, (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) . The unlabeled ANF probe DNA (self) was able to compete effectively, indicating that DNA-protein complex was the result of a specific interaction (Fig. 6 ). The MUT competitor, which contained the same base-pair conversions used in the ⌬AP1-ANF reporter, did not compete well, and only at the highest concentration used were there any indications of altered binding. The AP1 conversion probe was able to compete effectively. However, comparison of binding at the ϫ50 concentration (Fig. 6) suggests that the AP1 conversion DNA was not as competitive as the self DNA. The data clearly indicate that the complex formed was the result of a sequence-specific DNA-protein interaction. 5-8) dogs. Lane 9 represents probe incubated without extract. 10-g extracts were incubated in binding buffer for 10 min at room temperature before the 32 P-ANF AP1 double-stranded oligonucleotide was added for an additional 10 min. In the presence of ventricular nuclear extracts, the labeled DNA formed a single complex.
Rosenzweig et al., using recombinant fos and jun, demonstrated that the AP1 proteins bound to this region of the rat ANF gene (20) . Given the sequence conservation with the AP1 consensus, this may not be surprising. To determine further whether the proteins binding to the ANF AP1-like site are related to the components of AP1 activity, a supershift assay was used. Antibodies recognizing conserved region epitopes of either the fos family (c-fos, fosB, fra-1, fra-2) or jun family (c-jun, junB, junD) were used. As a control, a commercially available double-strand AP1 consensus probe (Santa Cruz Biotechnology) containing only the core septamer of the AP1 consensus sequence was used to determine antibody specificity. Experiments using canine ventricle extracts from a dog subjected to pressure overload, and using preimmune serum, or in which the jun antibody was peptide-neutralized, indicated that the antibody-induced supershift was the result of a specific interaction (Fig. 7 A) . Similar results were obtained using extracts prepared from COS cells induced with a phorbol ester for 30 min (data not shown). None of the probes used formed a supershifted band in the presence of the preimmune serum. Although the ANF and the AP1 conversion probes were identical except for a single base-pair substitution, their binding patterns were somewhat different. The ANF probe formed a single complex, and there was no indication that it was supershifted by the jun antibody (Fig. 7 B) . The short ANF consensus probe formed a single complex of a different mobility than that formed by the ANF probe. The short AP1 consensus probe was supershifted in the presence of the jun antibody. The ANF to AP1 conversion probe formed a doublet that had mobilities that appeared to coincide with the other two probes, and a supershifted band was observed in the presence of the jun antibody, suggesting that the upper band was influenced by the antibody. Using extracts prepared from COS cells stimulated with a phorbor ester, it was observed that the ANF probe formed a doublet (data not shown). These data indicate that under the proper conditions, the ANF element will form two separate complexes, one of which contains the AP1 proteins. This suggests that this element is capable of interacting in vitro with both inducible and constitutively expressed proteins.
Discussion
We have demonstrated the feasibility of gene injection into canine myocardium for studying gene regulation under physiological and pathological conditions. In this study, the model was acute pressure overload for a 7-d period. Although the pressure gradient placed upon the animals did not cause a significant increase in the LV/BW ratio after 7 d, this protocol has been shown to produce a 25% increase in the LV/BW ratio after 6 wk of pressure overload (45) . 3.4 kb of sequence upstream of the ANF promoter responded by a 6-12-fold induction after 7 d of pressure overload, compared to sham-operated animals. Deletion analysis of the ANF promoter revealed a 556-bp fragment to be necessary for this response. Furthermore, we provide evidence that the responsible cis-acting regulatory element located within this 556-bp fragment is an AP1-like site. The ANF AP1-like element binds a constitutively expressed factor, whose apparent concentration is uninfluenced by 7 d of pressure overload, as well as the AP1 proteins. The ANF AP1-like site is essential to confer overload inducibility on the ANF gene.
The molecular and biochemical mechanisms of cardiac hypertrophy have been the subject of numerous studies. Several different stimuli have been implicated, including stretch, adrenergic agonists, peptide growth factors, and cyclic nucleotides. Although myocardial adaptation occurs at several levels, transcriptional regulation provides a mechanism for integrating several different stimuli. For example, Kariya et al. have shown that for the ␤MHC gene, adrenergic stimulation of the gene is mediated through ␤PKC, possibly by modulating the phosphorylation state of TEF-1 (18, 19) . Similarly, C/EBP, a CCAAT/enhancer binding protein also found in the heart, may also be modified by PKC (20) . The possibility of multiple ciselements acting in collaboration has been suggested by Sprenkle et al., who demonstrated the requirement of multiple SRE to fully transduce ␣-adrenergic stimulation within the ANF gene (39) .
Characteristic of the pressure overload response is a strong transient increase in expression of the immediate early genes and a prolonged increase in ventricular ANF synthesis as well as of several other structural proteins normally expressed in the fetal heart (8). Among the immediate early genes are c-fos and c-jun, whose pressure overload responsive element appears to be the SRE acting via a PKC-dependent pathway (35) . Rosenzweig et al. speculated that, since members of the immediate early family such as fos and jun bind to AP1 elements of numerous genes, an initial stimulation of ANF expression by fos or jun would be reasonable to hypothesize (20) . However, the influence of fos and jun on ANF expression re- -7) , and AP1 conversion (lanes 8-10) is indicated as molar ratio (10-100) of labeled probe at the top of the panel. Lane 1 contains no competitor, and lane 11 contains no extract. The ANF/Mut oligonucleotide contains the same nucleotide substitutions used for construction of the AP1-ANF-CAT reporter construct. The labeled oligonucleotide formed a single complex that was specifically competed by the unlabeled self DNA and by the AP1/con DNA. mains unclear. Kovacic-Milivojevic and Gardner found that cotransfection of fos or jun expression constructs into rat neonatal cardiocytes could either stimulate or inhibit expression of a human ANF reporter, in a dose-dependent fashion (40) . McBride et al. (14) , using a similar experimental paradigm, demonstrated that overexpression of c-fos and c-jun could repress transcriptional activity of a transfected rat ANF promoter. However, these experiments were carried out in disassociated neonatal cardiac myocytes, and therefore the results might not apply to the intact adult heart. We chose to use the rat ANF promoter since its 5Ј flanking sequence has been well-characterized in both transfection and transgenic studies (7, 14, 20, 31, 35, 39, 46) . Several different functional cis elements have been demonstrated including multiple SRE that appear important for transducing the ␣-adrenergic response (39, 46) . The SREs also appear important for maintaining basal expression in neonatal cardiomyocytes. Sprenkle et al. demonstrated that mutagenesis of the SRE, located at Ϫ114, reduced basal expression (39) . The SRE confers inducibility to the c-fos promoter upon growth stimulation of cardiac myocytes as well as in the response of the c-fos gene to stretch in an isolated perfused heart model (22, 47). Thus, SRE seems to play an important role in the early hypertrophic process for activation of some immediate early genes, including c-fos (20) . In this study, the injection data of the SRE-147-␤MHC construct are in agreement with the work of Argentin et al. (35) , suggesting a role for the SRE in the basal transcription of the ANF gene, since a marked induction of the SRE-147-␤MHC construct was observed in the sham-operated group (Fig. 4 B) that was not further increased by banding. Although we did not specifically mutate the SRE within the context of the wild-type ANF promoter, the expression data of the heterologous promoter constructs would seem to rule out involvement of the SRE as a mediator of ANF induction after 7 d of overload. We cannot dismiss the possibility that the SRE may have a transient role in ANF induction. However, establishing its role may be difficult, since, as Sprenkle et al. demonstrated, with the ANF gene, multiple SREs are involved in the response to ␣-adrenergic agonists (39) .
We focused our attention on the CRE site, since it is known to be involved in the transduction of a variety of growth stimulatory processes (41, 44, 48) . The CRE binds CREB, and has been shown to confer inducibility on a variety of genes involved in growth processes (see reference 48 for a review). Additionally, it may be a regulatory element of the ANF promoter involved in ␤-adrenergic-induced hypertrophy in neonatal rat cardiocytes (46) . Site-directed mutagenesis of the CRE within the ANF promoter did not affect either basal or inducible expression. The increase in cAMP content in hypertrophic myocardium does not seem to be crucial for the induction of the hypertrophic cardiac phenotype (46) (47) (48) (49) . However, the activation of the PKC pathway appears to be involved in the hypertrophic expression pattern (20, 21) . Thus, the lack of a requirement for the CRE for ANF gene induction in developing cardiac hypertrophy in our experiments provides additional evidence for the hypothesis that cAMP does not play a crucial role in pressure overload induction of ANF expression.
In response to banding, expression of the ANF reporter was increased 6-12-fold. The ANF AP1-like sequence, when linked to a heterologous promoter, demonstrated that this sequence was sufficient to confer pressure overload responsiveness. Direct comparisons between heterologous and wild-type reporter constructs are difficult. For example, the basal activity of the 2XAP1 construct was fivefold greater than that of the wild-type ANF promoter (Ϫ3400ANF) or ␤MHC minimal promoter (2X147) in the sham animal. Pressure overload in- Arrow, Position of the supershifted complex. Lanes 3, 6 , and 9 contain no extract. The AP1/Con probe is identical to the ANF probe except for a single A→C conversion. The consensus AP1 probe was obtained from Santa Cruz Biotechnology and contains the core septamer of the AP1 binding site. Both the AP1/Con and the consensus AP1 labeled probes formed complexes that were supershifted by the jun antibody, whereas the ANF probe did not.
creased the activity of the 2XAP1 construct in the context of the heterologous promoter only threefold over sham values, but this was 12-fold above that of the ␤MHC minimal promoter (2X147). The data suggest that the ANF AP1-like element was sufficient to confer overload responsiveness on the ANF gene. Site-specific mutation of the ANF AP1-like element abrogated the response to pressure overload, indicating that the site was accessible within the context of the longest ANF reporter construct (Ϫ3400ANF). More importantly, it indicates that the site is necessary to confer pressure overload responsiveness on the ANF gene. The experiments do not rule out potential cooperativity with other response elements or the possibility that other elements may have a temporal importance. Collectively, these data indicate that the ANF AP1-like element is responsible for conferring pressure overload responsiveness on the ANF gene.
Our results are different from those of Knowlton et al., who studied the effects of banding in both transgenic mice bearing an ANF reporter gene and mice injected with rat ANF reporter constructs (7) . These investigators did not observe an increase in reporter expression after 7 d of banding. In response to 7 d of pressure overload, we did observe a consistent increase in ANF reporter gene expression in a canine model of pressure overload. Several factors may account for the divergent results. There are important species differences in the biochemical characteristics of the myocardium, including differences in the predominant MHC isoform present, which may create different strategies for myocardial adaptation to overload. After 7 d of banding, Knowlton et al. (7) observed a 27% increase in the LV/BW ratio, whereas we did not find a significant increase (4%) at that time point. The pressure gradient used in this study of canines has been shown to induce hypertrophy of ‫ف‬ 25% (LV/BW) after 6 wk of banding (45) . This suggests that the time course of adaptation may be distinct, and this may have influenced the intracellular response. There may also be some methodological differences. The ratio of ANF reporter to the reporter used to normalize for transfection efficiency was higher in our study. This may have potentiated the response. The variability of our canine data was smaller than that presented by Knowlton et al. (7) . Although the reason for this is unclear, it may relate to the difficulty in performing plasmid injections into the free wall of a small mouse heart. Using in situ hybridization of pressure-overloaded rat hearts, Schiaffino et al. demonstrated regional and nonsynchronous expression of hypertrophic markers (50) . This suggests that differences in wall stress may have an effect on ANF expression. Injection into the apex where wall stress is less likely to be altered by hypertrophy may partially account for the inability to detect significant changes in reporter expression. Because of the size and similarity of canine and human myocardium, it may be possible to investigate regional differences in the expression patterns of the canine myocardium using some of these hypertrophic markers.
Our competition experiments using the double-strand unlabeled ANF and AP1 conversion oligonucleotides found that both were able to displace binding of the ANF probe. Other competition experiments using a probe containing only the core septamer of the ANF sequence (ATGAATCA) found that only the higher concentrations of the AP1 consensus probe could compete for binding (data not shown). The Mut DNA could not effectively displace binding, indicating that even minor changes in the core septamer of the site strongly affected the in vitro DNA-protein interaction. Single nucleotide changes in the AP1 consensus sequence have previously been shown to decrease affinity for the AP1 proteins (36, 37, 51) . Busch and Sassone-Corsi, using the same sequence as the rat ANF element (TGAATCA), also found a different binding pattern compared to the AP1 consensus sequence (51) . Nakabeppu et al. demonstrated that DNA unlabeled competitors containing the core septamer TGACTCT or TGACTCG were unable to compete for binding with the AP1 consensus sequence (TGACTCA), even when presented at a 400-fold excess (37) . Collectively, the data indicate that the DNA-protein interaction is sequence specific and also suggest that the DNA-protein interaction is essential for the pressure overload-induced increases in ANF reporter expression.
The results of the DNA-protein binding experiments are consistent with previously published reports (14, 20, 40) . Kovacic-Milivojevic and Gardner (40) demonstrated that in vitro translated fos and jun bound to a human ANF KpnI/PvuII fragment located Ϫ337/Ϫ208, a region different from the region we have studied. Rosenzweig et al. (20) , using recombinantly produced fos and jun, demonstrated that the AP1 proteins bound to the same ANF region (Ϫ506/Ϫ483) in the rat ANF gene as we have studied. In the presence of purified fos/ jun, they demonstrated that an unlabeled AP1 consensus element could compete as effectively for AP1 binding as an unlabeled self competitor. They obtained a somewhat different result using atrial nuclear extracts. Using a fragment containing the ANF AP1-like region, they demonstrated that an unlabeled self competitor could effectively displace the DNA-protein complex, but that an unlabeled AP1 consensus element competed only poorly. This suggests that two different complexes may have been formed. These findings are replicated in our study. We found, using canine extracts, that the ANF probe formed a single complex with a constitutively expressed factor. Using phorbol ester-stimulated COS nuclear extracts, the ANF probe could form a doublet, suggesting that the cis element was capable of binding more than one set of proteins. Conversion of the ANF sequence to a true AP1 consensus sequence resulted in the formation of a doublet which could be supershifted by the jun antibody, suggesting that the conversion increased AP1 binding affinity, and that in the presence of sufficient quantities of the AP1 proteins, the wild-type ANF site will bind the AP1 proteins. Collectively, these data indicate that the ANF AP1-like element is capable of binding both the AP1 proteins and a yet unknown constitutively expressed factor.
Our in vivo transfection experiments demonstrate that the rat ANF AP1-like site transduces the overload stimulus after 7 d of banding. It is possible that other cis elements may contribute to this response; however, it is clear that within the time frame of these experiments, the AP1-like site is the critical element. Argentin et al. (35) , using cardiomyocyte extracts, performed a DNase footprint analysis and demonstrated that the AP1-like site lies within a 22-bp protected region. Our experiments using heterologous promoters or site-directed mutagenesis of the longest ANF reporter clearly indicated that the ATG-AATCA sequence was the critical site within this region. When the 22-bp region was submitted to a sequence similarity analysis using NCBI Blast software, matching sequence was found only for the rat ANF gene. This is a somewhat surprising finding, since pressure overload has been shown to increase the expression of several gene products. The ANF AP1-like region is not replicated in the 5Ј flanking region of the related natriuretic peptide, BNP. This is not an altogether surprising finding, since the response of the two gene products to stretch is somewhat different. Aoyagi and Izumo (22) and Mantymaa et al. (52) have used isolated perfused rat hearts to examine the early response to 2 h of stretch in rat hearts. They observed increases in c-fos and BNP expression, but ANF expression was unresponsive to this short duration of stretch. Neither of those studies identified a functional pressure overload response element or demonstrated which signaling pathway might be responsible for pressure overload induction of ANF expression. This suggests that the response to pressure overload may be mediated by a complex set of signaling pathways that may have a temporal dependency.
Our studies demonstrate that 7 d of pressure overload increase ANF reporter expression, and that a single ANF AP1-like site is primarily responsible for this increase. This element was functional not only in the Ϫ3400ANF-CAT construct, but also when linked to a heterologous promoter. Further, sitespecific mutation of the element in the context of a much longer construct abolished its responsiveness to pressure overload, indicating that it is accessible within the ANF promoter. Both observations are important for establishing that this element is necessary and sufficient for increasing ANF reporter expression in response to pressure overload. We show that the ANF AP1-like element is recognized by two distinct proteins, one of which is AP1; the other is constitutively expressed, and its apparent concentration appears uninfluenced by banding. It is unclear what role either of these proteins may have in regulating ANF gene expression. Future experiments will be required to unravel the identity of the constitutively expressed factor and to characterize its functional role for the expression of the ANF gene in response to pressure overload.
